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INTRODUCTION 
To ensure r e l i a b l e  r e s t a r t s  of spacecraf t  l iqu id  rockets  a t  zero grav- 
i t y ,  bladder systems a re  of ten used f o r  the pos i t i ve  expulsion of propel- 
lan ts  i n t o  the  engines. Usually, the  propel lan t  i s  contained i n  a t h in -  
walled bladder t h a t  l ines  the propel lant  tank. For propel lan t  expulsion, a 
pressurant gas i s  introduced between the tank wall  and the th in  bladder 
t ha t  col lapses ,  f l exes ,  and fo ids .  The bladder must sus t a in  such contor- 
t ions without f a i l u r e  and a l s o  be impermeable t o  propel lan ts  and pressurants  
under various chemical and environmental conditions.  In p re f l i gh t  t e s t s ,  
the  bladder i s  subjected t o  a number of c o l ~ a p s e / i n f l a t i o n  cycles t o  ensure 
i t s  i n t e g r i t y  during i t s  f i n a l  operat ional  col lapse when expel l ing propel-  
l a n t  i n  f l i g h t .  The present  paper i s  mainly concerned with the problem of 
systematical ly  incorporating the mechanical f a i l u r e  aspec t  i n t o  design; bu t  
i t  a l so  takes the impermeabi l i t y  aspect i n t o  considerat ion.  
The work here reported was sponsored by the  National Aeronautics and 
Space Administration under Contract NAS7-506, with R. S. Weiner a s  Technical 
Manager. A more extensive and de t a i l ed  account is contained i n  Rocketdyne 
Report R-7391, which includes d i g i t a l  computer programs f o r  a l l  cycle l i f e  
predict ions and i s  ava i lab le  :ram t h e  authors.  
*Work performed under National Aeronautics and Space Administration Con- I. 
t r a c t  NAS7-506 . 
**Present Address: Lawrence Livennore Laboratory, University of Cal i forn ia ,  
Livermore, Cal i forn ia  94550 USA 
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1. FOLD STRAIN ANALYSES 
1.1 N O H I N C U W  AND (;k!Ot&TRIC PI\KAMIITERS 01: FOLDS 
In the nanenclature of fo lds  (Fig. 1) , the  words "primary" and 
"secondaryt1 r e f e r  t o  time sequence. In an incomplete double f o l d ,  the 
secondary fo ld  does not c ross ,  but  r a t h e r  s tops  a t ,  the primary fo ld .  In  
the doub.le fo ld ,  "at1 r e f e r s  t o  t he  in s ide  f o l d  r ad ius  of the secondary 
fo ld  because only the  spec i f i ca t ion  of t he  secondary fo ld  radius charac- 
t e r i ze s  t he  double fo ld .  
The de f in i t i ons  introduced above, tc, , ther  with t h e i r  specifying geo- 
metr'c parameters, a r e  p rec i se  (without being r e s t r i c t i v e )  and complete 
(yet  simple). This i s  so  because o f  two f a c t s :  (1) h/a determines the 
s t r e s s  and s t r a i n  a t  the double fo ld  regardless  of the  angle made by the  
secondary and primary f o l d  l i nes  and (2) f o lds  cause only a local  s t r e s s  
or  s t r a i n  t h a t  decreases rap id ly  with d is tance  from the locat ion of any 
pa r t i cu l a r  fo ld  . Thus, complicated bladder deformations can be regarded 
as i so la ted  assemblies of individual  fo lds .  The many fo ld  shapes com- 
monly cal led creases ,  wrinkles,  points ,  e t c .  , are  now replaced with tech- 
n ica l  ly  prec ise  terms. 
1.2 SIMPLE FOLDS IN METALS AND PLASTICS 
For simple fo lds ,  the t r u e  s t r a i n  is defincd a s  
E = t r ue  s t r a i n  = an (1  + e )  
where e = nominal s t r a i n  = -1/[1+2(a/h)] 
The minus s ign  r e f e r s  t o  the ins ide  fo ld  surface.  The ins ide  f o l d  surface 
s t r a i n  (compressive) i s  always l a rge r  than the outs ide f o l d  sur face  s t r a i n  
( t ens i l e )  i n  absolute  value according t o  Eq. 1. This i s  cons is ten t  with 
the experimental f a c t  t h a t  i n  folding/unfolding a shee t ,  the  f a i l u r e  a l -  
ways s t a r t s  at the  i l ls ide surface of the fo ld ,  For large s t r a i n s ,  such as  
those encountered i n  fo lds ,  the e l a s t i c  p a r t  of the s t r a i n  i s  negl ig ib le  
and therefore the s t r a i n s  defined i n  Eq.  1 and 2 may be takeil as the p las -  
t i c  s t r a i n s .  The r e l a t i o n  between the  appl ied pressure d i f f e r e n t i a l ,  p ,  
and the geometric parameter, h/a,  was determined experimentally f o r  an 
aluminum sheet .  Figure 2 shows the  experimental se tup  and Fig .  3 the  d a t a  
which may be represented by 
h /a  = 3 . 2  (P/uo) 1/3 
where a. i s  the y i e ld  s t r e s s  of the mater ia l .  I b i s  r e l a t i o n  was assumed 
t o  apply to  a l l  metals and p l a s t i c s .  Equations 1, 2 ,  and 3 r e l a t e  the  
applied pressure  d i f f e r e n t i a l  t o  the t r u e  s t r a i n  v i a  h/a .  
1.3 DOlJBLE FOLDS IN METALS AND PLASTICS 
An expression w i l l  be derived f o r  the p l a s t i c  s t r a i n  due t o  double 
fo lds .  This requi res  evaluation of a n t i c l a s t i c  curvature e f f e c t s  and the 
shear s t r a i n s  due t o  bending and twist. From the  treatment of Fung and 
Wittrick (Ref. I ) ,  bending of a wide sheet  (thickness h) t o  n radius of 
curvature gives r i s e  t o  a region of a n t i c l a s t i c  curvature along the sheet  
edge with end s lope 
2 l / 4  
v ( h / ~ ) l / ~ / [ 3  ( 1  - v 11 
where v is  the  Poisson r a t i o  t h a t  equals 1 / 2  f o r  p l a s t i c  
For complete unconstrained fo ld  (fold radius h /2) ,  t h e  
a tures  of the inner  ( l /pi)  and outer  (l /po) s h e t t s  vary,  
( 4 ~  
dcformation . 
a n t i c l a s t i c  curv- 
here by a f a c t o r  
of 2 ,  In an ac tua l  f o l d  f ~ r  which the  edges a r e  joined (Fig. 4 ) ,  a com- 
promise is  achieved between the two edges t o  preserve mater ial  cont inui ty.  
This canpranise r e s u l t s  i n  a n e t  twist, 0 ,  of the end p iece  which, before 
the s t a r t  of t h e  secondary fo ld ,  may be p ic tured  a s  a beam with a semi- 
c i r cu l a r  c ross  sec t ion .  ?his t w i s t  was estimated t o  be the  average of 
t h ~  end s lopes of the  two shee ts  taken separa te ly ,  i . e . ,  
S t ruc tu ra l  consideration of Fig. 4 ind ica tes  t h a t  the  end piece is  
subject  not only t o  twist ing but a l s o  t o  bending as  a beam. The p l a s t i c  
deformstion tends to  concentrate i n  a semicircular  r i ng  a t  the sec t ion  
of maximum transverse shear ,  SPRT (Fig. 4) ,  ~rh ich  is  t h e  r o o t  of the 
primary fo ld .  The normal s t r a i n s  suppressed a t  P and R involve values of 
a = po - 0.5 h and a = pi - 0.5 h,  respec t ive ly .  Applying Eq. 2 ,  these 
s t r a i n s  a r e  - h/2po and + h/2pi, and they a c t  a t  d i s tance  h, approximately, 
from SPRT. 
On the o ther  hand, the shear  s t r a i n  due t o  bending, yb, changes from 
zero t o  i t s  maximum value approximately through the length of a quar te r  
c i r c l e ,  ( n / 2 )  (pi + 0.Sh). Therefore, h(0.5h/po + O.Sh/pi) = yb ( ~ / 2 )  
(Po + 0.5h) f run  which - 
The shear  stresses at  the roo t  of t he  primary f o l d  due t o  twist may 
be assumed t o  be the  same a s  those i n  a  c i r c u l a r  s h a f t  (Pig. 4) with a  
s imi la r ly  s i t u a t e d  r a d i a l  s l i t .  For the  e l a s t i c  case, Shepherd (Ref. 2 )  
found tha t  became of twis t  the two s ides  of the s l i t  a re  displaced with 
respect t o  each o the r ,  perpendicular t o  the plane of the  paper i n  Fig. 4b. 
The maximum r e l a t i v e  displacement is a t  the l i p  of  t he  s l i t  and is about 
3.9 8h, where 8 is  the angle of twist of  the end piece and h i s  the  rad ius  
of the c i r c u l a r  s h a f t ,  i . e . ,  the shee t  thickness.  I t  was estimated t h a t  
80% of t h i s  displacement may be r ea l i zed  a t  po in t  Q i n  Fig. 4b by p l a s t i c  
s l i p .  This s l i p  shoald be accanplished e s s e n t i a l l y  within a  he ight ,  6 ,  
of the width o f  the s l i t ,  o r  approximately twice the  root  radius of the 
primary fo ld .  Then the  shear  s t r a i n  due t o  twist, y t ,  may be estimated 
by the formula 
y t = 3 . 9 B h x 0 . 8 / & = 3 . 1 2 0 h / 6 ,  w h e r e e i s g i v e n b y E q .  5 (7)  
In an ac tua l  bladder,  the shee t  mater ial  has already suffered some 
damage before the  s tart  of the secondary fo ld .  There does not a?pear t o  
be any simple way t o  account f o r  t he  e f f e c t  of the r e s idua l  s t r a i n .  4n 
expedient way is  t o  regard the  double fo ld  a s  two simple fo lds  because 
i n  one cycle of the  double fo ld  the  tangent ia l  sur face  s t r a i n  of the p r i -  
mary fo ld  ac tua l ly  goes through two cycles.  I n  o ther  words, l i f e  i s  re-  
duced by one-half and t h i s  is  equivalent  t o  saying t h a t  s t r a i n  i s  increased 
by a  f ac to r  of fi (Eq. 10). Thus, a  t en t a t ive  way t o  account f o r  the e f -  
f e c t  of the res idua l  s t r a i n  is  t o  mult iply the t o t a l  s t r a i n  (yb + yt) calcu- 
la ted  from Eq. 6 and 7 by a  f a c t o r  of 6 .  From Eq. 5, 6 ,  and 7 ,  with 
v = 1/2, we obtain t h e  t o t a l  s t r a i n  a s  
& 
where po, pi = radius of curvature of  the  outer  and inner  shee t  of t he  q - -  
i 
double fo ld ,  respec t ive ly ,  and 6 = twice ins ide  rad ius  of  primary fo ld .  1 .  3 
For the complete double fo ld ,  pi = a + 0.5 h and po = a + 1.5 h, where 
a  i s  the in s ide  fold rad!us of the secondary fold.  For the incomplete f o l d ,  
p can vary from a + 1.5 h t o  i n f i n i t y ,  whereas p is  s t i l l  a + 0 , s  h. In 
o i 
Fig. 5,  tz vs a/h i s  p lo t t ed  f o r  v s r i o r ~ s  values of 6 / h  f o r  the complete and 
P 
most incanplete  (po = m) double fo lds .  For a l l  other  incomplete double 
fo lds ,  the curves f a l l  between those shown. I t  i s  seen t h a t  the maximum 
p l a s t i c  s t r a i n  tha t  can develop i n  a double fo ld  f a r  exceeds the f r a c t u r e  
d u c t i l i t y  of t yp ica l  d u c t i l e  metals.  Therefore, a surface crack can be ex- 
pected already a f t e r  one foldinglunfolding cycle of a double fo ld .  A l -  
though t h i s  does not necessar i ly  imply t h a t  t he  sheet  has cracked through i t s  
thickness ,  good design avoids a surface crack t h a t  can propagate rap id ly  
through the  sheet  thickness .  I t  follows t h a t  i n  bladder design a l l  double 
folds  (complete and incanplete)  shoulu be avoided. 
For the double fo ld ,  the pressure ac t ing  on the outer  and the  inner  
surfaces of t he  secondary f o l d  is the  same because both surfaces a r e  
ac tua l ly  the same s i d e  of the  sheet .  The in s ide  f o l d  radius of t he  sec-  
ondary fold i s  thus not  a function of pressure.  
1.4 SIW LE AND DOUBLE FOLDS IN ELASTOMERS 
Fold s t r a i n s  i n  elastomers a r e  large e l a s t i c  deformat ions character-  
ized by the  extension r a t i o  X ,  defined a s  the deformed length divided by 
the o r ig ina l  length. In  uniax ia l  extension X = 1 + e .  Folds i n  a rubber 
sheet  a r e  complex deformations and r igorous mathematical so lu t ions  a r e  
ra ther  unl ikely (Ref. 3 ) .  Now contrary t o  metals and p l a s t i c s  t h a t  f a i l  
due to a cumulative loss  of d u c t i l i t y  which i s  a maximum a t  the ins ide  
f o l d ,  rubbers f a i l  by extension, which i s  a maximum a t  the  outs ide fo ld .  
The fa t igue  of rubber i s  by the growth o f  an i n i  t; 11 flaw under repeated 
extension, therefore  one needs only t o  determine the maximum extensions a t  
the outs ide fo ld .  The experimental r e s u l t s  of Ref. 4 were obtained by ' 
pr in t ing  a g r id  on a rubber shee t ,  bending it  and measuring the change i n  
g r id  length. The maximum X i n  a simple f o l d  was about 1.5. The maximum 
X i n  a canplete double f o l d  was about 1.9, i n  a d i r ec t ion  p a r a l l e l  t o  t he  
primary fo ld  l i ne .  These numbers w i l l  be subsequently used f o r  cycle l i f e  
ca lcu la t ions .  
2 .  CYCLE LIFE: METALS AND PLASTICS 
2.1 BASIS FOR CYCLE LIFE PREIIIZ7TO:: 
'Ihe s t r u c t u r a l  de te r iora t ion  of expu l s i fn  bladders under a l t e rna t ing  
col lapse and i n f l a t i o n  i s  an example of low-cycle f a t i gue .  This i s  charac- 
t e r i  zed by high i n t e r n a l  s t r e s s e s ,  coarse s l i p ,  macrosi zed p l a s t i c  flow, 
and r e l a t i v e l y  small number of cycles  t o  f a i l u r e .  
By studying a large number of experimsntal low-cycle f a t i gue  da t a ,  
Coffin (Ref. 5 )  and Manson (Ref. 6 )  independently proposed 7Y.e r e l a t i o n :  
E bIk = C (where N = number of cycles t o  f a i l u r e )  
P (9) 
a s  the best  f i t  t o  t he  da ta .  Here, k and C a r e  mater ia l  constants .  Coffin 
suggested t h a t  k = 1/2 and C = ~ ~ / 2  f o r  a l l metals ,  where c = f r a c t u r e  f  
c?uc t i l i ty ,  i .e . ,  the t rue  s t r a i n  a t  f r ac tu re .  Later ,  Martin (Ref. 7 )  re -  
s tudied the data  and found t h a t  C = ~ ~ / f i  gave a b e t t e r  f i t .  Thus the 
following equation w i l l  be adopted: 
Exceptiogs t 3  Eq. 10 w i l l  be made whenever the  d a t a  poin ts  f o r  a p a r t i c u l a r  
material  are  so s c a t t e r - f r e e  as  t o  warrant the  use of a k value other than 
1/2. 
2.2 CYCLE LIFE DATA 
Typical metal fa t igue  curves a r e  shown i n  Fig. 6 through 9 f o r  aluminum 
1100, s t a i n l e s s  s tee1 347, 6A1-4V titanium, and pure gold, respec t ive ly .  
These curves a r e  derived i n  three  d i f f e r e n t  ways, i n  decreasing order of 
++ confidence: Fig. 6 and 8 are  based on the b e s t  exponentia1,of d i r e c t  
f a t i gue  t e s t s  (Ref. 8 and 9 ) ,  the s lope  i n  Fig. 8 being -0.74 r ~ t h e r  than 
-0.50. Figure 7 i s  calculated f r an  Eq. 10 with t r u e  s t r a i n  d u c t i l i t y  da t a  
a t  various temperatures f r an  Ref. 10. Figura 9 uses Eq. 10 with estimated 
d u c t i l i t i e s  from unpublished t e n s i l e  t e s t  da t a  (Ref. 11). For t h i s  case,  
i t  was assumed t h a t  the  cf was iden t i ca l  f o r  aluminum 1100 and pure gold 
because both a re  face  -centered-cubic metals ,  subjec t  t o  coarse s l i p  under 
low-cycle f a t i gue  conditions.  
Cycle l i f e  da t a  f o r  p l a s t i c s  a r e  scarce,  and of quest ionable s u i t a -  
b i  li t y  f o r  the present  purpose. Themfore, i t  was decided t o  detennine 
the needed da t a  d i r e c t l y  by t e s t .  A typ ica l  t e s t  setup i s  shown i n  Fig. 
10. The t e s t s  were run both a t  roan t e m p r a t u r e  and a t  200 F .  The re -  
s u l t s  are  p lo t ted  i n  Fig. 11 and 1 2 .  The da t a  points  can be cor re la ted  by 
Eq. 9 with the following constants :  
P l a s t i c  Room Temperature 200 F 
-
Teflon TFE k = 0.203, C = 1.25 k = 0.433, C = 2 
Teflon FEP k = 0.084, C 1.0 k = 0.044, C = 1 
2.3 CYCLE LIFE PREDICTION 
For simple fo lds  with spec i f ied  p ,  oo is found f r m  tabulated proper- 
t i e s  f o r  the given mater ia l ,  (h/a) i s  found from Eq. 3, and then E from 
P 
Eq. 1 and 2. Lastly,  N i s  read off  the proper f a t i gue  curve (e.g. ,  Fig. 
6-9, 11, 12) f o r  the spec i f ied  ambient temperature. 
Cycle l i f e  is not  a se r ious  problem f u r  bladders with simple fo lds  
only. What causes most f a i l u r e s  i n  bladders is double fo lds .  From Eq. 
10, N = 1 i f  fi E > E ~ .  Referring back t o  Fig. 5 ,  E > 2 f o r  p r a c t i c a l  
P - P 
values of 6/h (probably l e s s  than 0.1) and p r a c t i c a l  values of  a /h  
(probably less  than 1.5).  That is ,  fi E > 2.828. This i s  g rea t e r  than 
P 
:he f rac ture  d u c t i l i t i e s  of a l l  the metals o r  p l a s t i c s  considered. Hence, 
there i s  no need t o  c a l c i ~ l a t e  the cycle  l i f e  N f o r  bladders with double 
fo lds .  N = 1 f o r  a l l  metals and p l a s t i c s  according t o  the  de f in i t i on  of 
f a i l u r e  used i n  t h i s  study--the appearance of a surface crack. 
3. CYCLE LIFE: ELASTOMERS 
3.1 BASIS FOR CYCLE LIFE PREDICTION 
During the period 1953 t o  1964, Gent, Greensmith, Lake, Lindley, 
Riv l i r  , and Thomas (Ref. 12 through 22) published a s e r i e s  of papers . : q t  
csta.blished the  cut-growth theory of rubber fa t igue .  'Ihis theory w i i r  ..s 
tne basis  f o r  cycle l i f e  pred ic t ion  of e lastomeric  bladders i n  the genet- 
a l i  zed form 
N = G(~Lw)-"  (m-I)-' c ~ ~ - ~  (11) 
where C = the cycle l i f e  of t he  rubber i n  question; G ,  m = mater ia l  con- 
s t an t s  tc; be determined by cut-growth t e s t s ;  W = st.ved energy funct ion t o  
be determined by s t a t i c  t e s t s ,  k = a f a c t o r  dependent on the  extension 
r a t i o ,  may be taken t o  be 2 i f  the extension r a t i o  i s  l e s s  than 3; and 
Co = i n i t i a l  flaw length, usua l ly  taken t o  be 0.002 inch. The mbbers  
considered i n  t h i s  paper are assumed t d  be Mooney-Rivlin mater ia l s  f o r  
which 
2 2 - 1 -2 - 2 
where 1 1 =  X12 + " 2 + A 3  ; I A + X 2  + A 3  ; and X1X2X3 = 1; (13) 
A1, X 2 ,  X3 = pr inc ipa l  extension r a t i o s ;  and C1, C2 = mater ia l  constants .  
The mater ia l  constants may be determined from s t a t i c  t s s t s  on a t h i n  
s t r i p  of t he  t y p i c a l  dimensions of Fig. 13A. I f  X(=A1) designates  t he  
longitudinal extension r a t i o ,  then from E q .  13, X 2  = A 3  = I/,&. Subs t i tu -  
t ion i n t o  Eq.  1 2  and a i f f e r e n t i a t i o n  y ie lds  
where F = applied t e n s i l e  load and A. : unstressed cross-sect ional  area of 
s t r i p .  Equation 14 i s  a s t r a i g h t  l i n e  on an F/[Z,I~(A - vs  1 - I  p l o t  
-1  - i n  which C1 becanes the ordinate  a t  X = L, (or  X = O ) ,  whqreas C 1 + 
is  the ordinate  a t  X = 1. In  r e a l i t y ,  4 = 1 and X = oo a r e  not  d i r e c t l y  
obtainable experimental po in ts .  However, X values inbetween a r e  obtain- 
able and the  values a t  X = 1 and X = oo a r e  then obtainable by simple ex- 
t rapola t ion .  However, i f  the specimen of Fig. 139 (with the  s i d e  ctrt) i s  
s t re tched ,  the tear ing  energy associated with t h e  cu t  T (= 2bW) increases  
because W increases .  When T = Tc, t h e  ca tas t rophic  tear ing energy, t he  
cu t  suddenly begins t o  grow i n  length. Now i f  the specimen is  s t r e t ched  
cyc l i ca l ly  by an amount corresponding t o  a T < Tc, the c u t  length c i s  
a l s o  found t o  grow i n  length with n ,  the number of cycle;;. That i s ,  
dynamic c u t  growth can occur a t  an extension r a t i o  which is  lesc than thi t 
for the  s t a t i c  cut growth. If the spe~imen of Fig, 13B is  s t re tched  l e -  
peatedly t o  a f ixed 2 . ,  the following r e l a t i o n  e x i s t s  f o r  most rubbers:  
dc/dn = PIG o r  log(dc/dn) = m log T - log G (15) 
Thus, i f  dcldn i s  p lo t ted  vs  T on log-log paper,  a s t r a .  ght l i n e  r e ~ u l t s .  
The slope of t h i s  s t r a i g h t  l i n e  i s  m ,  and i t s  v e r t i c a l  i n t e r cep t  i s  log G. 
Hence, the  constants m and G can be determined. 
3.2 CYCLE LIFE DATA 
Figure 14 shows the  apparatus used i n  the cut-growth experimmts. By 
keeping the arm s ta t ionary ,  however, i t  was a l s o  u t i l i z e d  t o  determine the  
s tored  energy functions. The specimens were din~ensioned a s  i n  Fig. 13A 
and 138. Three elastomers were tes ted :  EPR-PRC (ethylme-propy1.sne 
copolymer rubber f r m  Parker Rubber Canpany), EPR-RMD (same, bu t  from 
Reaction Motors Division of 'l'hiokol Shemical Corporation),  and NR-RMD 
(carboxy-ni t-oso terpolymer rubber from Reaction Motors) . The rubbers 
were of l imited e x t e n s i b i l i t y ,  with a maximum s t a t i c  f r ac tu re  X = 3.6. 
The cut-growth t e s t s  Mere car r ied  out up t o  X = 1.6, c lose t o  the f a i l u r e  
point with the cut  present .  Typical da t a  taken f o r  the s tored  energy 
function a re  p lo t ted  on Fig. 15 confirming the Mooney-Rivlin behavior 
up t o  a l imit ing X = X l i m  ' Typical cut-growth da t a  a re  shown i n  Fig. 16. 
?he numerical r e s u l t s  follow: 
7 W ,  Eq* 12-1 
c: c2 r N ,  Eq. 1 1 1  
Elastomer ( i n - i n  3 )  ' l i m  G 
- 
m 
- 
EPF-PRC 30 174 6 1.6 5.25 x lo7 3.55 
EP R- RMD 10 83 1.6 5.96 x lo7 3.3 
NR- RML) 38 110 3.6 2.74 x 10 2.74 
2.: CYCLE LIFE PREDICTION 
The values of N f o r  each elastomer a re  now found from Eq.  11, with 
X = 1.5 f o r  simple fo lds  o r  X = 1.9 f o r  double fo lds ;  k = 2; Co = 0.002 
- 
inch; and W[=f (c1, c2)]  , G and m as determined above: 
Elastaner Simple Fold Double Fold 
-
EPR-PRC 11,000 42 2 
EP R-RMD 1,760,000 89,200 
NR- RMD 149,000 11,300 
In view of the s c a t t e r  of t he  da ta ,  i t  i s  prudent t o  use some ;actors of 
safety.  Based on design p rac t i ce s  i n  use with pressure vesse ls  subjected 
t o  cyc l ic  loading, the following f ac to r s  of s a f e t y  (FS) were se lec ted :  
FS = 20 f o r  N > cycles 
10 f o r  lo4  > N > 300 cycles 
5 f o r  N < 300 cycles 
The allowable N thzn i s  the calculated N divided by FS. I t  is  recanmended 
t h a t  when the c a l c u l ~ t e d  N f a l l s  below 100 o r  so,  the p a r t i c u l a r  elastomer 
be abandoned. 
SiMMARY AND CONC LUSI ONS 
l!: vidual local  fo lds  i;l c o l l ; ~ p s ~ n g  bladders can be c l a s s i f i e d  i n t o  
s ing le  and double fo lds ,  spec i f iab le  by simply nondimensional geometrical 
parameters t h a t  define d i r e c t l y  the maximum s t r a i n s  a t  these fo lds .  Fran 
these maximum s t r a i n s  the number of co l lapse / inf la t ion  cycles t o  f a i l u r e  
can be obtained f ran  low-cycle fa t igue  da t a  experimentally determined f o r  
the bladder mater ial  of i n t e r e s t .  
Cycle l i f e  da ta  a r e  presented i n  terms of t rue  maximum s t r a i n  f o r  four  
metals (300-series s t a i n l e s s  s t e e l ,  1100-series aluminum, gold, and a 
titanium a l loy ) ,  two p l a s t i c s  ( t e f lon  TFE and P E T ? ,  and two elastomers 
(e thy lene-propy lene cop0 lymer rubber and carboxy-nj rroso terpo lyner rubber) . 
The Coffin-Manson f a t igue  theory was applied f o r  metals and p l a s t i c s ,  and 
the cut-growth f a t igue  theory f o r  elastomers.  Data f o r  gold, p l a s t i c s ,  
and e las toners  a re  new, based on measurements a t  room and elevated 
temperatures. 
I t  was found t n a t  double fo lds  give r i s e  t o  f a r  severer  folding s t r a i n s  
than do simple fo lds .  On a bladder whose col lapse i s  uncontrolled there 
occur numerous double fo lds  s o  t h a t  the  occurrence of a t  l e a s t  one most 
severe double fo ld  approaches ce r t a in ty .  Therefore, i t  i s  only necessary 
t o  ascer ta in  the maximum s t r a i n  of the most severe double fo ld  which can 
develop under the ex is t ing  conditions f o r  the  mater ia l .  The r e s u l t  was 
t h a t ,  except f o r  the elastomers,  a l l  bladder mater ia l s  develop surface 
cracks due t o  double fo lds  a f t e r  only one cycle.  Surpris ingly,  p l a s t i c s  
crack a t  a lower maximum surface s t r a i n  than do metals.  Thus, ul t imate 
f a i l u r e  i s  control led by the  propagation of  the surface crack through the 
l~ ladder  sheet  ehickness during the subsequent cycles .  Since the speed of 
crack propagation increases  with the speed of sound i n  a mater ia l ,  the metals 
a r e  the l e a s t  s a t i s f ac to ry .  This leads t o  t he  conclusion t h a t  metals-- 
which a r e  bes t  f o r  permeation resis tance--are  worst f o r  fa t igue  r e s i s t ance ,  
and vice versa f o r  e las taners .  The intermediate p l a s t i c s  a r e  found t o  be 
unsat isfactory f o r  both permeation r e s i s t ance  and f a t i gue  res i s tance  f o r  
missions of ex tended durat ion.  
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